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Ferroelectric materials, and more specifically ferroelectric domain walls (DWs) have become 
an area of intense research in recent years. Novel physical phenomena have been discovered 
at these nanoscale topological polarisation discontinuities by mapping out the polarisation in 
each atomic unit cell around the DW in a scanning transmission electron microscope 
(STEM). However identifying these features requires an understanding of the polarisation in 
the overall domain structure of the TEM sample, which is often a time consuming process. 
Here a fast method of polarisation mapping in the TEM is presented, which can be applied to 
a range of ferroelectric materials. Due to the coupling of polarisation to spontaneous strain 
we can isolate different strain states and demonstrate the fast mapping of the domain structure 
in ferroelectric lead titanate (PTO). The method only requires a high resolution (HR) TEM or 
STEM image and is less sensitive to zone axis or local strain effects which may affect other 
techniques. Thus it is easily applicable to in-situ experiments. The complimentary benefits of 
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are discussed. These results imply that Fourier masked polarisation mapping will be a useful 
tool for electron microscopists in streamlining their analysis of ferroelectric  TEM samples.  
Lay Abstract 
This paper addresses a problem that often occurs when looking at a ferroelectric material in the 
Transmission Electron Microscope (TEM). Ferroelectric samples are interesting because they form 
tiny areas inside themselves with arrow of charge in each one. The thinner the sample, the smaller 
these regions, called “domains”  become. These arrows of charge point in different directions in 
each domain of the sample. The boundary where these domains meet have interesting properties to 
study in a TEM but it’s important to figure out which way the arrows point in the domains around 
the boundary. What causes the arrows in the different domains is tiny shifts of different atoms in 
unit cell away from their neutral position, usually because they’re being squeezed by pressure from 
the domains nearby. The problem is that these tiny atoms moving are difficult to measure and see 
where the charged arrow is pointing, often it’s hard to know how many different domains are even 
in the sample and where they begin. This paper discusses a method called “Fourier masking” to 
quickly see what’s going on in the overall TEM sample, where the domains are and roughly where 
the arrows point. It does this by looking at the spacings of the atoms from a magnification where you 
can just about see the lines of atoms. In lead titanate the unit cell is a rectangle and the arrow 
always points in line with the long side of the rectangle. The Fourier masking lets you see which 
direction the long side of the rectangular unit cell is pointing in different parts of your TEM image. 
The big advantage is that it takes about two minutes to do and uses software that almost every TEM 
already has. That lets the TEM user quickly know where the domains are in their TEM samples and 
roughly which way the arrows of charge are pointing. Then they can choose the most interesting 
features focus on for higher resolution analysis. 
 
Introduction 
When analysing a ferroelectric sample in the TEM, often the most important information to 
obtain is which domains are present and what their polarisation state is. The presence of 
domains can alter the contrast in the sample being imaged and thus add difficulties to 
understanding the domain network. Confirming the type of domain and the domain polarity 
within the TEM sample is crucial especially for deciding which domain walls (DWs) to 
investigate at high spatial and energy resolution and observe their changes from bulk 
properties. Piezoresponse force microscopy is the method of choice for determining 
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domains hidden [1,2]. Unfortunately, measuring the polarisation of a material and then taking 
an electron transparent sample from it often changes the nanoscale polarisation of the 
domains[3,4]. This happens as a consequence of the Kittel scaling law when the boundary 
conditions and thickness are being drastically changed [5][6]. Thins films are an exception 
since they already have one nanoscale dimension influencing the domain formation as they 
are grown, but depending on the material and the energy applied during the sample thinning 
the polarisation can still be changed in a TEM lamella.  
A number of methods have been developed to identify domains and their polarisation using 
the TEM. The most basic method is to insert an objective aperture and move it to exclude 
different reflections i.e. a rough “displaced aperture dark field TEM”[7]. The enhanced 
diffraction contrast is often sufficient to identify domain patterns.  To get polarisation 
information, weak beam dark field TEM is the traditional solution[8]. This method has 
exploited the breaking of Friedel’s law in ferroelectrics. Friedel’s law says that  Ig = I-g, 
where Ig and I-g are the intensities of two reflections with reciprocal lattice vectors of g and 
−g, respectively. It is valid even for non-centrosymmetric crystals but only in the kinematical 
regime. Under dynamical conditions however, i.e. except for very thin samples, one 
reflection will have more intensity and selecting this with an objective aperture generates an 
image with domain contrast. Specifically in a two beam condition, ferroelectric regions with 
the polarization P appear as bright regions in dark-field images taken by selecting reflections 
with g·P> 0 under the two-beam condition[9–11]. While this has the advantage of being 
compatible with the most basic TEM hardware and giving information on larger domains, it 
is experimentally challenging to produce two comparable images with different g vectors 
which exclude contrast from more traditional thickness, defects or diffraction effects. 
Furthermore, weak beam dark field TEM  does not allow high resolution studies of smaller 
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In perovskites such as PbTiO3 (PTO), PZT, BaTiO3 and BiFeO3 the displacement vector of 
the “B” site cation from the centre  of the unit cell  from the four corners of “A” site cations 
is measured using gaussian fitting routines such as “Atomap”[12] to identify the  atomic 
positions in the structure[13,14]. This technique requires high quality images precisely on 
zone and having little or no strain present. It also requires significant software skills and post 
processing time so is not practical during a TEM session. Newer techniques such as 4D-
STEM[15] aim to measure the effect of the electric fields in the sample on the electron beam. 
These are generally carried out in microprobe STEM mode and are susceptible to artefacts 
arising due to variations in thickness, bend contours, zone axis changes, strain effects or 
alignment issues. 4D-STEM requires demanding post processing and normally requires 
specialist hardware and software to be purchased [16,17]. Geometric Phase Analysis[18] 
(GPA) is typically used to identify the polarisation axis in tetragonal ferroelectrics and works 
well in post-processing[19,20].  
The Fourier masking technique demonstrated here exploits the effects of strain and the non-
centrosymmetric property of ferroelectrics, causing splitting of diffraction spots in different 
directions  in the different domains, to identify the polarisation axis and domain structure in 
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Figure 1  (a) [100] pseudo-cubic (pc) view of the PTO unit cell and the atomic displacements 
(δO and δTi) from the cubic to tetragonal phase that form the ferroelectric dipole in PTO[21]. 
(b) A simple model showing that while they lie along the same pseudo cubic zone, a-a 
domain walls are always seen running 45° to the cubic crystal axes while a-c type domain 
walls are always seen in line with the cubic crystal axes. The a-c domain wall is inclined with 
respect to the surface, thus the vertical orientation is due to a projection/intercept appearing in 
the 2D image.   
 
 
As demonstrated in figure 1(a), PTO is a tetragonal ferroelectric material and forms domains 
according to the Kittel scaling law[5] in order to relieve mechanical and electrostatic stress. 
Mechanical stress stems from the 1.06 c/a ratio of the tetragonal unit cell, which at high 
temperatures is simple cubic, i.e. each unit cell becomes 6% longer in one direction while the 
crystal remains the same shape. The compensation of the strain between the different 
domains causes the structure to rotate by approximately 4˚. This is illustrated in figure 1(b) 
with exaggerated c/a ratios for clarity. Charged DWs occur when the polarisation in both 
adjacent domains points towards the wall or away from the wall, forming “head to head” (H-
H) and “tail to tail” (T-T) walls respectively. Neutral “head to tail” (H-T) DWs have one 
adjacent domain with the polarisation pointing towards the DW and the other one with it 
pointing away.  Charged DWs have energies an order of magnitude higher than neutral ones, 
making them very unfavourable[22]. Thus domains need to form H-T, with the net 
polarisation pointing in one direction. Such a situation would result in charged crystal 
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periodically reverse the polarisation [23]. Domains with polarisation perpendicular to the 
viewing direction are termed “a” domains whilst those with polarisation in line with the 
viewing direction are termed “c” domains. Hence 90° DWs can be “a-a” type, or “a-c” type 
as shown in figure 1. These notations relating to the viewing direction should not be confused 
with the  cubic “a” and longer tetragonal “c” unit cell parameters.  
 
Methods  
BF-TEM images were collected on a JEOL 2100 LaB6  TEM with an objective aperture 
inserted. ADF-STEM images were collected on a double Cs corrected FEI Titan Themis with 
a convergence angle of 24 mrad and a collection angle of 40-196 mrad. TEM lamellae were 
prepared by focused ion beam (FIB) slicing and thinning a section from a single crystal 
sample with sides of the order of 1mm. FIB preparation was performed on a FEI Helios G4 
CX with a final thinning energy of 2KV. Fourier masking and recombination of the images 
was performed using the Gatan Microscopy Suite 2.3. GPA was performed using the 















Figure 2  (a) BF-TEM image of a PTO lamella containing 90° a-a DWs (diagonal) with 180° 
DWs (vertical/horizontal) inside them. Possible polarisation directions are indicated with 
yellow arrows . (b) diffraction pattern of the same lamella. There are two sets of diffraction 
spots, each set corresponding to a domain with a different spontaneous strain direction and 
hence a different polarisation direction. The atomic structure is rotated by approximately 94° 
in alternate domains and so the diffraction spots corresponding to the “a” and “c” axes appear 
beside each other.   
 
 
Upon inspection of the typical domain pattern in figure 2(a) and in agreement with figure 
1(b) it can be seen that the crystal has formed 90° DWs where the polarisation is completely 
in the plane of the TEM lamella. The possible polarisation direction in each domain is 
marked with yellow arrows. The other possibility is that the arrows should all point in exactly 
the opposite direction. 90° DWs are sometimes termed “ferroelastic” walls or “twins” as they 
have a large strain associated with the rotation of the longer unit cell parameter, the “c” axis 
across the DW. The term twin refers to the rotation of the structure by roughly 4° which can 
be seen in the diffraction pattern in figure 2(b). 180° walls are the other significant feature in 
figure 2(a). These walls remain neutral and form parallel to the polarisation, meaning they 
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charging from the net polarisation that would occur if H-T walls pointed only in one 
direction[23]. These results are consistent with previous observations of single crystal PTO 
and the analagous lead zirconate titanate (PZT)[24].  
 
Figure 3    (a) HR-TEM image of 90° a-a DWs. (b) Fourier transform of (a) with spots 
labelled “a” and “c” according to the unit cell spacing they represent. Circles around the “c”-
axis spots indicate the masks applied and inverse Fourier transformed to create the 
corresponding coloured regions in (c). (c) Colour mix image of the two inverse Fourier 
transforms of the spots masked in (b). (d) Enlarged image from the yellow highlighted area in 
(c) showing in which direction the “c” axis lies in each domain. (e) HR-TEM image with 
interpreted polarisation axes from the “c” axis directions in (d). (f) Strain map Exx of (a) 
showing that FFT masking is comparable to GPA.   
 
 
In figure 3 we demonstrate a quick and relatively simple method for mapping out the 
polarisation axis in tetragonal ferroelectrics. The procedure is described as follows:  
1. Take a  HR-TEM image in which at least the <010> and <001> lattice planes have 
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2. Take a Fast Fourier transform (FFT) of the image and inspect it to see if splitting of 
the diffractogram spots occurs.  
3. Identify and mask the spot in the <010> plane closest to the centre (i.e. corresponding 
to the “c” axis), keeping the masked FFT area (figure 3(b)). 
4. Inverse Fourier transform the masked FFT to produce a real space image where the 
brightest areas correspond to domains with the c axis in the <010> plane. Increase the 
contrast for clarity. 
5. Repeat steps 3 and 4 for the closest spot to the centre in the <001> plane. 
6. Combine the two inverse FFT images using e.g. “colour mix” in Gatan microscopy 
suite (figure 3(c)). 
 
This gives a clearly defined map where the polarisation axis is perpendicular to the fringes  
present in each domain (figure 3(d)), interpretable without referring back to the FFT. The 
interpreted polarisation in each domain, as determined by this process is indicated in figure 
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Figure 4   (a) ADF-STEM image of needlepoint closure in PTO (red arrow) in H-T a-a DWs. 
(b) Fourier transform of (a) with coloured circles indicating the mask used to give the 
corresponding colour intensity in (c). (c) Fourier masked image of (a) with the measured 
polarisation axis indicated. (d) Exx strain map of (a) from GPA confirming the polarisation 
axis was measured correctly. 
 
 
Fourier masking works equally well on images acquired in scanning TEM mode as 
demonstrated in figure 4 (a-d). In figure 4(a) a needle point domain closure can be seen. 
Figure 4(b) exhibits two sets of the closest-to-center c-axis Fourier spots, with one rotated by 




This article is protected by copyright. All rights reserved. 
 
shows that all the domains have a polarisation in the plane of the lamella[25]. The accuracy 
of the Fourier masked mapping is confirmed by the Exx strain map from GPA. The larger c 
axis of the crystal shows up as strain in the x direction and so the domains showing greater 
strain are also polarised in the x direction[19].  
 
Discussion 
One advantage of Fourier masked polarisation mapping is its application in dedicated STEM  
microscopes, lacking dark field TEM capabilities. Similarly it can be useful when the user 
wants the microscope to be kept aligned in HR-STEM mode for top end performance.  This is 
particularly desirable when further, more in depth B site displacement dipole mapping is 
required. The allowable tilt away from zone axis for these techniques depends strongly on the 
specimen thickness and beam energy. B site polarisation mapping requires that the 
displacement of the atom due to tilt/zone effects is less than the displacement due to 
spontaneous strain. Assuming a relative thickness of ~0.3λ,  to resolve and map the B site 
atoms i.e. Titanium in PTO, the sample must be within at least 0.2 degrees of the zone axis in 
our experience. The requirements are more relaxed for Fourier masked mapping in STEM. 
Only the largest lattice spacing must be resolved, so the field of view can be larger and the 
sample can be further away from the zone axis, ~0.5 degrees. In TEM the requirements are 
further relaxed and samples tilted off zone of the order of 5 degrees can still be imaged with 
the required lattice spacing resolution.  At atomic resolution diffraction contrast has less 
effect in STEM and disappears in TEM so it is often difficult to keep track of the ferroelectric 
DW that one wishes to map the atomic displacements of. When increasing the magnification 
the important feature, e.g., the DW, can be lost and Fourier masking enables the microscopist 
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simplified version of GPA but it has the distinct advantage of using a commonly available 
and widely installed software package. It also requires less steps and processing power.  GPA 
is used to obtain local strain variations around an image. It is especially useful when the 
strain changes minimally or gradually in a way that does not visually separate Fourier spots. 
Fourier masking manually isolates two separate strain states and shows where each is present 
in the image. The resolution and quantitative accuracy of both techniques are reliant on the 
quality of the real space image input, but Fourier masked maps give a lower spatial resolution 
in terms of the local polarisation as the contrast at domain boundaries is often not sharp. For 
example in figure 3(d) there is an overlap in the lattice fringes, hence the polarisation at the 
DW cannot be interpreted. This is common to the technique and illustrates the suitability of 
Fourier masking for domain polarisation mapping but not for polarisation mapping inside the 
DW itself. GPA strain maps assume that the spatial frequencies selected are present 
throughout the input image. Artifacts are common when this is not the case. Fourier masking 
is immune to those artifacts as it relies on areas without the selected frequencies present 
showing up with less intensity in the inverse FFT. Artifacts can occur when the incorrect 
spots are selected i.e. not those corresponding to individual spontaneous strain states, or due 
to incorrect mask size. Put simply, the circular mask should cover the Fourier spot only. No 
edge smoothing is necessary. Ideally the edge of the mask will extend a few pixels into the 
noise level of the FFT to ensure all the information is captured. We found that the radius can 
be halved or doubled and still results in contrast between domains. If the mask radius is 
smaller, large-area intensity variations throughout the image eliminate domain contrast. If the 
mask radius is larger, either fine intensity variations eliminate domain contrast or another 
Fourier spot will be included.   
The main advantage of Fourier masking is therefore that it gives a microscopist valuable 
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mapping, high quality atomic resolution images must be additionally acquired from around 
the sample and processed to build a fuller picture of the polarisation/domain structure. This 
typically requires specialist software expertise and processing times can be in excess of 30 
mins per image,  depending on the hardware available. Processing time is proportional to the 
number of atoms present, making times especially long for larger fields of view. A further 
TEM session is then required to focus on the identified feature of interest for precise 
polarisation mapping,  chemical mapping or band structure analysis.  If the FFT masked 
domain mapping is carried out as a first step then a comprehensive picture of the interesting 
features in the sample can be built. Thus detailed analysis can be focused on precise areas of 
interest immediately.   
The transition between all ferroelectric domain types must have some strain associated with it 
so as long as there is some sort of domain wall present. The Fourier masking technique 
depends on the magnitude of this strain being large enough to produce a lattice shift visible in 
Fourier space. Thus it is likely to be applicable to many ferroelectric and ferroelastic 
materials, with the possible exception of 180° DWs as these cause minimal strain[26,27]. 
While strain causes splitting due to structure rotation in PTO, other more complex 
ferroelectrics can be masked based on the formation of new spots associated with in-plane 
dipole formation. Often in depth knowledge of the atomic shifts may be required for these 
more complex systems, but once the shifts are known they can be related back to the Fourier 
space changes seen. Phase changes also cause distinct changes in Fourier space which allow 
masking and quick, easy phase mapping of a sample at high resolution. 
From the above results it can be seen that Fourier masking for polarisation mapping works 
similarly well in STEM as in TEM and is not sensitive to the collection angle, however, the 
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options for masking. In the ADF image in Figure 4(a), diffraction is the main contribution to 
the contrast, with more intensity coming from the domain walls where the structure is 
particularly strained as it transitions from a vertical to a horizontal “c” axis. There is an extra 
source of strain in this case as the horizontally polarized blue domain terminates in a needle 
point configuration. While this may seem to be energetically costly, in fact the two H-T walls 
can come together and avoid strong charging as long as they do not bend to a large angle 
away from their electrostatically neutral position[28,29]. It can be seen from the GPA 
analysis in Figure 4(d) that similar information is obtained. The polarisation in the blue 
domain in figure 4(c) is showing up as strain in the x direction in the Exx map. As these are 
90° walls, the purple vertically polarised domain has also been mapped correctly.  
 
Conclusions 
We have presented a method of polarisation axis mapping by Fourier masking high resolution 
TEM  images. The accuracy of this approach was confirmed by comparison with GPA 
analysis and diffraction data. The mapping was used to understand domain closure in a 
lamella cut from single crystal PTO. This technique is complementary to atomic 
displacement mapping and 4D-STEM as it allows quick identification of domain structures at 
high resolution and the quick tracking of mobile domain structures. It is a useful tool for any 
electron microscopist and applicable to a wide range of ferroelectric materials.  
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